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Abstract 

The role of many ions in biological systems is not fully understood owing to difficulties in 
microdetermination. Silicon is known to be essential in many biological processes, including 
skeletal development. Some evidence indicates that silicon acts as a calcifying agent rathe^r 
than as a resident structuraj species. This suggests that silicon may be used for enhancement 
of bone ingrowth rates 'for bioactive prosthetic materials. Of particular interest is 
hydroxyapatite Ca 10 (PO 4 ) 6 (OH) 2 [HAp], which has a relatively low bioactivity. The purpose 
of the present work was to determine the feasibility of chemically doping HAp with silicon. 
This route is practical because apatites are well known for undergoing extensive isomorphous 
substitution at all of the cation lattice positions. 

HAp was synthesised by the metathesis method using Ca 3 (N0 3 ) 2 , (NH 4 ) : HP0 4 , and NH 4 OH. 
Silicon was added by a sol-gel route using tetraethyl orthosilicate [TEGS] and ethanol. 
Silicon was added at levels up to a Si:HAp molar ratio of 50, although mostVwork was done 
at <2. The samples were sintered at 1100°C for 1 h in air. Characterisation consisted only 
of X-ray diffraction for semiquantitative phase analysis and lattice parameter determination. 

At all silicon levels, Ca 10 (PO 4 ) 4 (SiO 4 ) 2 formed. At low silicon levels, £-Ca 3 (P0 4 ) 2 [jS^TCP] 
formed, while high silicon levels favoured a-Ca 3 (P0 4 ) : [a-TCP]. A Si-P-0 'glass also 
formed at high silicon levels. Lattice parameter measurements indicated that silicon 
dissolved in the HAp structure up to a Si:HAp molar ratio of -0.36. Ionic radii 
considerations suggest that the most likely substitution site was that of phosphorus. Charge 
compensation requires substitution of P 5+ by Si 4 " to form holes on the OH " sites. If so, then 
the saturated silicon-substituted phase would have the formula Ca I0 (P,. x Si x O 4 ) 6 (OH) 2 6X , where 
X = 0.06, or Ca 10 (P,. x Si x O 4 ) 6 (OH) 2 6x - in the absence of charge compensation. 



Consequently, it is possible to dope HAp with silicon using a sol-gel route. Si:HAp and Si:P 
molar ratios <0.36:1 and <0. 06:0. 94, respectively, should be used in order to avoid 
formation of biodegradable TCP. 
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INTRODUCTION 



Silicon and Bone Growth 

The role of silicon in biological systems is not yet fully understood since microdetermination 
of silicon in biological systems is very difficult [I]. However, silicon is now known to be 
essential for the growth and development of vertebrates, being involved in cell wall 
formation, cross-linking in connective tissues, nucleic acid synthesis, photosynthesis, and 
other biological processes, particularly with regard to ageing [2,3], Silicon also has been 
found to perform a vital role in skeletal development. It is a constituent of collagen [4], and 
silicon deprivation has been found to retard bone development in chicks [5]. 

Although the importance of silicon in bone matrix is now well established, its importance in 
bone mineral is not yet fully understood [1,5,6]. Dietary silicon has been found to increase 
the rate of bone calcification independent of vitamin D, and nodular ill-formed bone results 
from silicon deficiency [2]. Silicon has been localised in immature bone by both ion and 
electron microprobe studies [6,7]. 

Figure 1 shows an electron microprobe scan of calcium and silicon concentration across a 
bone mineralising front [6]. While phosphorous distribution is diffuse in calcifying regions 
[7], this scan revealed the calcium distribution to be preferentially localised to regions of 
mature bone, as expected, but the silicon distribution was quite the opposite [6]. The scan 
detected negligible silicon levels in the calcium-rich (mature bone) region and a maximum 
silicon level of -0.5 wt% in the calcium-deficient area - the region of active calcification. 
The figure of -0.5 wt% was a semiquantitative value since precise determination of the 
silicon level at a mineralisation site is difficult because these sites are localised and difficult 
to measure directly. A calcium level of only -2 wt% was detected in the silicon-rich 
region. This corresponded to a Ca:P ratio that was too low to form any of the known 
calcium phosphate phases, and so it was suggested by Carlisle [6] that the bone precursor 
must be an organic phase containing silicon. Silicon also was found in the metaphyseal blood 
vessels. These findings suggest that silicon is a calcifying agent rather than a resident 
structural species. 

As further evidence of the role of silicon as a calcification initiator or promoter, the 
nucleation and growth of bone mineral (hydroxyapatite crystals) have been found to be 
greatly enhanced on silicon-rich substrates, including SiO : [8,9], Si0 2 -rich bioglass surfaces 
[10,11], and polysilicic acid [8]. 

If silicon is a calcifying agent, this offers the possibility of the use of silicon for the 
enhancement of bone ingrowth rates for bioactive prosthetic materials. There are only two 
prosthetic materials that are known to combine the desirable properties of biocompatibility, 
low to negligible resorption rates in-vivo, and the ability to bond chemically with bone. 
These are hydroxyapatite Ca 10 (PO 4 ) 6 (OH) 2 [HAp] and certain bioactive glass compositions. 
The bioactivities of these glass formulations are considerably higher than that of HAp [12]. 
Table 1 summarises the bioactivities of some of the important bioactive glasses and HAp. 
The bioactivity of these Si0 2 -rich glass formulations has been found to be related to the 
formation of a Si0 2 -rich surface layer, with bone-glass chemical bonding following three 
stages [10]: 
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1. A silica-rich layer develops on the glass surface, with corresponding linear weiuht loss 
from the implant. 

2. A thin film of HAp crystals is deposited on the silica-rich layer. 

3. The rate of weight loss from the implant declines to the point of no further change. 




Periosteum Osteoid Bone 



Figure 1. Electron Microprobe Scans of Silicon and Calcium across a Bone 
Mineralising Front in Young Rat Tibia [6]. 



Table 1. Bioactivities of Glass-Based Materials and Hydroxyapatite [12]. 



Bioactive Material 


System or Compound 


Wt % Si0 2 


Peak 
Bioactivity 


45S5-Bioglass 


Na 2 0-CaOP 2 0 5 -Si0 2 


45 


— 15 days 


KGS-Ceravital 


Ca(P0 3 ) 2 -Na 2 0-CaO-Si0 2 


46 


— 45 days 


A-W Glass-Ceramic 


Ca l0 (PO 4 ) 6 (O,F) 2 -CaO-MgO-SiO 2 


45 


- 100 days 


Hydroxyapatite 


Ca I0 (PO 4 ) 6 (OH) 2 




- 1 10 days 



l/Since silicon may enhance the bioactivity of these glass-based materials, the relatively low 
bioactivity of HAp may be due to the absence of silicon from its structure. However, since 
A-W glass-ceramic has a peak bioactivity of the same scale as HAp, there is some question 
as to this suggestion. The purpose of the present work was to address the potential benefits 
and problems involved in the silicon doping of HAp, since HAp has the advantage over 
bioactive glasses and glass-ceramics of being chemically similar to bone mineral. 
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Silicon in Hvdroxyapatite 

It is well known that the bone ingrowth capacity of HAp can be enhanced only by increasing 
the porosity, but the low strength of porous HAp limits its use to monolithic implants in 
nonload-bearing sites or bioactive coatings. If silicon is a bone calcifying agent [6], it may 
/be possible to enhance the bone ingrowth rate of dense HAp by silicon impregnation, thereby 
J increasing the bioactivity without compromising strength. Silicon doping of HAp is known 
to occur in geological systems since apatites are capable of undergoing extensive isomorphous 
substitution [13]. The existence of naturally occurring calcium silicophosphate apatite 
minerals has been documented in various studies. 

Apatites have a hexagonal crystal structure [ 14] . Molecular models of fluorapatite are shown 
in Figures 2 and 3. The fluorapatite structure represents the generalised apatite formula 
range [13]: 



In the case of HAp, with the formula Ca lu (POj ft (OH) : , calcium, phosphorous, and hydroxyl 
/ groups occupy the A, X, and Z sites, respectively. Isomorphous substitution at each of these 
v sites is governed by the upper and lower ionic radii limits, as listed by Cockbain [13]: 



The Z sites are large channels parallel to the c axis, analogous to the channels in a zeolite, 
so they can be vacant. Thus, the occupants of the Z site are weakly held, and many apatites, 
such as tricalcium phosphate j3-Ca 3 (P0 4 ) 2 [/3-TCP], have empty Z sites [13]. 

The present work involved the development of techniques for the doping of HAp by silicon 
and subsequent investigation of the effects of silicon on the crystal structure of HAp, with 
the aim of establishing whether or not such a material would be suited to clinical trials. 

Methods and Materials 

HAp Synthesis 

The HAp used in the present work was synthesised by the metathesis method of Jarcho et al. 
[15]. The manufacturer's specifications of the Ca 3 (N0 3 ) : , (NH 4 ) 2 HP0 4 , and NH 4 OH used 
in the synthesis are compiled in Table 2. The Ca 3 (P0 4 ) 2 precipitate was simultaneously 
stirred and boiled. The stir/boil method was necessary in order to eliminate TCP from the 
calcined product. This could not be achieved reliably with cold-stirring for the recommended 
time of 24 h nor for longer periods up to 48 h. The resulting precipitates of -20 nm 
diameter (assumed size [15]) HAp crystallites were washed twice to remove the NH 4 N0 3 by 
filtering through a Buchner funnel and resuspending in demineralised water by means of 
high-speed stirring. After the second washing, the wet filter cake was resuspended in ethanol 
in preparation for the silicon addition process. The filter cake was not allowed to dry 
between the final washing stage and resuspension in ethanol in order to prevent aggregation. 



A XQ (XOt)*Z 2 - A,(XOJ 6 



A site 
X site 
Z site 



0.069 -0.174 nm 
0.026 - 0.056 nm 
0.131 -0.216 nm 
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Figure 3. 



Fluorapatite Structure with c Axis Oriented Normal to Page 
(Black = Ca, White = P, Grey = O) [11]. 
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Table 2. Raw Materials. 



Material 


Purity 


Supplier 


Ca 3 (N0 3 ) 2 


98.5 wt% 


Ajax Chemicals 


(NH 4 ) 2 HP0 4 


98.0 wt% 


Ajax Chemicals 


NH 4 OH 


99.4 wt% 


Ajax Chemicals 


(C 2 H 5 ) 4 Si0 4 


99.0 wt%* 


Union Carbide 


C 2 H 5 OH 


95.8 vol% 


CSR Chemical 


Al 


99.5 wt% 


Cerac Inc. 



* Minimum 



Silicon Additions 

A sol-gel method was used to dope the HAp with silicon. This method utilised tetraethyl 
orthosilicate (TEOS), which decomposes into ethanol and colloidal silica in the presence of 
water in accordance with the reaction: 

(C 2 H 5 ) 4 Si0 4 + 2H 2 0 » 4C 2 H 5 OH + Si0 2 

A solution of TEOS was added in measured amounts by burette to the HAp/ethanol 
suspension, and the suspension was subjected to high-speed stirring for 10 min. Excess 
water then was added to hydrolyse the ethyl silicate, followed by another high-speed stirring 
for 10 min. After this, the ethanol was removed by evaporation. The resulting filter cake 
then was crushed and pelletised at 200 MPa into 12.5 mm 0 x 2.5 mm thickness samples. 
These pellets were sintered at 1100°C for 1 h in iir, using a heating rate of 60°C/h. 

Silicon addition levels were defined as atoms of silicon per HAp unit cell, which is the 
Si: HAp molar ratio: 9 

0 . w j A Moles SiO. 
Si:HAp = : 

Moles Ca 10 (PO 4 ) 6 (OH) 2 

The silicon addition level was varied from 0 to 50, with the majority of the samples being 
below 2. 

Sample Characterisation 

For each sample, the semiquantitative phase composition and the lattice parameters of the 
HAp phase of the samples were measured by X-ray powder diffraction (Philips, Type PW 
1140/00 powder diffractometer) using CuKa radiation. Powdered aluminium was used as 
an internal standard for the lattice parameter measurements. The lattice parameters were 
calculated using the computer program PARA 1 [16], which uses the sin 2 /cos 2 extrapolation 
model for the hexagonal crystal system. 
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Results and Discussion 



Phase Analysis 



The X-ray diffraction scans revealed that the HAp gradually decomposed to tricalcium 
phosphate Ca 3 (P0 4 ) 2 in the presence of increasing silicon concentrations according to the 
reaction: 

Ca 10 (PO 4 ) 6 (OH 2 ) » 3Ca 3 (P0 4 ) 2 + CaO + H,Ot 

Previous studies have shown that Si0 2 can induce the HAp - TCP decomposition [17-19] 
although none has addressed the case of silicon as the sole additive in an air atmosphere 
These studies have investigated the presence of three additives - SiO„ A1,0 3 , and C in 
combination - in air [19] or under hydrothermal conditions [17,18]. TCP is an undesirable 
phase since it is biodegradable in-vivo [20]. 

In the present work, both a- and /J -TCP were formed, although 0-TCP was favoured at low 
silicon levels and or-TCP was favoured at higher silicon levels. Further, at higher silicon 
concentrations, a broad X-ray diffraction peak with a d spacing of 0.16-0.26 run formed. 
Since both silicon and phosphorus are oxide glass formers, this peak is likely to result from 
the presence of a Si-P-O glass. For progressively higher silicon levels, the glass became the 
dominant phase. At very high dopant levels, approximate area ratios of the main diffraction 
peaks of HAp and TCP suggested that the TCP content was slightly ereater than the HAp 
content. , 

Traces of the calcium silicophosphate phase Ca 10 (PO 4 ) 4 (SiO 4 ) 2 appeared at the lowest silicon 
addition level, and the amount of this phase increased with increasing silicon levels up to the 
saturation SirHAp molar ratio of -0.36. At this point, the main diffraction peak area ratios 
indicated that the concentration of this phase was similar to that of HAp. This ratio 
underwent little change at higher silicon addition levels. The appearance of this phase 
corresponds to the reaction: 

Ca 10 (PO 4 ) 6 (OH) 2 + 2Si 4+ » Ca l0 (PO 4 ) 4 (SiO 4 ) 2 + 2P 5 * + 20H" :'. 

A recent EDS study of Si0 2 /HAp mixtures has confirmed that the dissolution of silicon in 
HAp occurs at a temperature of 1000°C or greater [21]. 

Variation in the lattice parameters of the HAp with respect to silicon content was measured 
up to a Si:HAp substitution ratio of 6.94. Beyond this, the HAp diffraction peaks were too 
depleted by the excessive silicon levels to be measured with any degree of certainty. 
However, the silicon saturation level, after which the increase in lattice parameters levelled 
off to a large degree, was graphically estimated to occur at a Si:HAp ratio of -0.36. Over 
the range 0-0.36, the following linear lattice expansions were observed: 

a = 0.939 to 0.955 nm _ _ m ^ 

c = 0.686 to 0.703 nm for Ca i°( P 6°2<.)(OH) 2 to Ca 10 (P 5 ^Sio 36 0 24 )(OH), M 
The data for the corresponding to the unit cell volume expansion are shown in Figure 4. 




Si Atoms per HAp Unit Cell 
Figure 4. Unit Cell Volume Expansion of HAjp Owing to Silicon Dissolution. 

The lattice parameters of the undoped HAp measured in the present work are in good 
agreement with the published literature values, which are a = 0.941 nm [14] or 0.942 nm 
[22]; c = 0.688 nm [14,22], 

The HAp lattice underwent silicon substitution to a saturation level of -0.36 atoms per unit 
cell. The substitution site in the /l 10 (XO 4 ) 6 Z 2 apatite structure probably was the X site since 
this site accepts ions within the radius range 0.026-0.056 nm in fourfold coordination [13]. 
The ionic radius of P 5+ , the original ion in the X site, is 0.031 nm in fourfold coordination, 
while Si 4 " is 0.040 nnrin fourfold coordination [23]. 

The effect on the lattice parameters of substituting a larger ion into the X site would be an 
increase in the a and c axes, with balbc = 2 [24]. In the present work, balbc was 
significantly lower at — 1 . This probably was due to hole formation and partial loss of OH~ 
ions from the Z sites owing to charge compensation requirements. This would serve to 
reduce the unit cell volume. The effect on the lattice parameters of depletion of the Z sites 
would be the opposite of the effect of substitution of larger ions on the Z sites, as reported 
by Simpson [25]. In the former case, there would be a large decrease in a and a small 
increase in c. 

Combination of the effects of expansion in the X site, giving balbc = 2, and contraction in 
the Z site, giving a large and negative 5a but a small and positive 5c, should result in 
significant ba and be values. However, the balbc value would be very difficult to predict 
reliably. Thus, the present finding of balbc s 0.8 does not confirm the literature value [24], 
nor does it contradict it. 
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The reasons tor the relatively low saturation level of silicon in HAp of -0.36, probably 
stem from the lattice destabilising effect of the charge imbalance induced by replacing 
pentavalent P 5 ' with tetravalent Si 4 ' . This charge imbalance was probably compensated by 
the loss of the weakly held OH ' ions in the Z site. If a sufficient number OH " ions are lost, 
structural collapse and the concomitant HAp -» TCP transition can result. The Si:HAp 
substitution limit of -0.36 may have been a kinetic effect resulting from the relatively short 
heat treatment time of 1 h, resulting in the retention of the phase 

CajoCPo^Sio^Oj^OH), M [Ca 10 (Pi. x Si x O 4 ) 6 (OH) 2 , 6X , where X = 0.06], in the case of charge 
compensation. If no charge compensation by OH" loss occurred, then the phase could be 
described as Ca l0 (P.. x Si x O 4 ) 6 (OH) : AX ", where X = 0.06. The limit of -0.36 also may have 
been a result of structural stability limitations. 

Conclusions 



Doping of HAp by silicon using a sol-gel process resulted in isomorphous substitution of 
silicon, which probably entered the phosphorous sites in HAp, producing four products: 



Calcium Silicophosphate: 
Tricalcium Phosphate: 

Silicon-Doped HAp: 



Ca In (P0 4 ) 4 (Si0 4 ) 2 

Ca 3 (P0 4 ) : (significant for Si: HAp > 0.36) 

a-Ca 3 (P0 4 ) 2 at higher Si levels 
i3-Ca 3 (P0 4 ) 2 at lower Si levels 

Ca l0 (P 1 . x Si x 0 4 ) 6 (0H) 2 . 6X or 
Ca l0 (P ux Si x Oj 6 (OH) 2 6X \ where X = 0.06 



Si-P-O Glass: 



Present at higher Si levels 



Therefore, it has been found to be feasible to dope HAp by silicon using a sol-gel route, 
thereby allowing the future assessment of the effects of silicon on the bioactivity of HAp 
through clinical trials. However, only low dopant levels should be used in order to maintain 
the TCP content to a minimum and so eliminate the possibility of biodegradability in-vivo. 
These molar ratio levels are Si:HAp = 0.36:1 and Si:P = 0.06:0.94. 
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